We here prepared polystyrene-derived carbon-coated Na 3 V 2 (PO 4 ) 3 composite (NVP/C) cathode materials via a solid-phase reaction using a mixture of NVP precursor and polystyrene (as the carbon source), followed by calcination at high temperatures. Using this method, we were able to obtain active NVP materials with relatively high purity while allowing a uniform surface coating with carbon layers about 34 nm thick. This structure significantly prevented NVP particle growth even after calcination at high temperatures. The NVP/C material calcined at 700°C exhibited the best chargedischarge performance among the samples studied.
Currently, development of valuable materials for energy storage and efficient conversion is urgently required from the viewpoint of both the effective use of limited resources and prevention of global warming. Regarding energy storage systems, lithiumor sodium-ion rechargeable batteries, which mostly comprise transition-metal oxides and oxoacids as well as lithium or sodium ions as cathode materials, have gained significant attention in the field of chemistry and in industrial applications. 1) 3) Among the lithium-or sodium-ion battery materials, phosphates of vanadium(III) such as NASICON-type Na 3 V 2 (PO 4 ) 3 (NVP) and NASICON-related compounds such as Li 3 V 2 (PO 4 ) 3 have been well-known since the pioneering work of Goodenough et al. 4) and have been extensively investigated. 5)7) However, as in the case of LiFePO 4 , NVP has low electronic conductivity, which limits its electrochemical performance. With the aim of overcoming this limitation, approaches based on surface carboncoated active materials [e.g., NVP, Li 3 V 2 (PO 4 ) 3 and LiFePO 4 ] have been frequently used by many researchers. 8)15) In this study, we synthesized carbon-coated NVP (NVP/C) materials via a solid-phase reaction using polystyrene as a carbon source (a detailed procedure is described in supplementary file), and their crystallinity, structural morphologies and electrochemical properties were investigated. Although various carbon sources such as sugars, 9),13) polyols 10),12) and citric acid 7),11),14),15) have been previously used, this work includes, to the best of our knowledge, the "first attempt at using polystyrene" as a carbon precursor for the synthesis of NVP/C composites. Figure 1 shows the powder XRD patterns of T-NVP and T-NVP/C (T: final calcination temperature in°C) calcined at various temperatures. These samples were first calcined at 300°C before being subjected to calcination at the final temperature (Fig. S1 ). According to the ICSD, NVP with an ordered rhombohedral NASICON structure (ICSD #248140) 16) was identified as the main phase present in all samples. In the case of uncoated carbon-free NVP samples, diffraction peaks responsible for an impurity phase are clearly observed in the whole scanning range, particularly at 2ª < 40°, although it is difficult to identify the impurity at the present stage. Conversely, such peaks are hardly seen in the carbon-coated NVP/C samples. These results suggest that the formation of impurities in the NVP samples was suppressed by mixing polystyrene with the NVP precursor and subsequent calcination at high temperatures. Rietveld refinement was performed using the XRD data collected. The parameters obtained (Table S1 ) indicated that all samples showed NASICON structure [see the crystal structure in Fig. 1(d) ], as identified by ICSD. The crystallite sizes of the NVP/C samples were considerably lower than those of the NVP samples (Table S1 and Fig. S2 ), as revealed by SEM measurements (Fig. S3) . These results indicate that using polystyrene as the carbon source was effective in suppressing crystal growth in NVP.
With the aim of investigating the surface carbon coating on NVP particles, TEM and HRTEM measurements were performed on NVP/C samples (Fig. 2) . These measurements revealed particle sizes of about 100 nm or larger for all samples, with the surface of NVP particles covered with carbon layers 3.5, 3.9, 3.1 and 2.9 nm thick for the 600-, 700-, 800-and 900-NVP/C samples, respectively. The thickness of the carbon layers on the present NVP samples (34 nm) was similar to that of NVP samples carbon-coated with polyols (ca. 25 nm).
10), 12) In contrast, sugar-(ca. 36 nm) 9),13) and citric acid-derived (ca. 46 nm) 11),14), 15) samples showed greater thickness values. Unlike 800-and 900-NVP/C, particles of the 600-and 700-NVP/C samples were covered with relatively uniform carbon layers. These results were adequately supported by the carbon contents (measured by thermogravimetry using an established method 9),17)
) of the samples after calcination (ca. 2.2, 2.0, 1.2 and 1.2 wt % for the 600-, 700-, 800-and 900-NVP/C samples, respectively). Moreover, smoke-like carbon particles were observed for 800-and 900-NVP/C but were hardly observed for 600-and 700-NVP/C. The carbon particles were observed to grow larger and larger with calcination temperature. This implies carbon aggregation in the form of smoke-like particles or deposition on the NVP particles upon polystyrene decomposition at 800 and 900°C. The morphologies of surface carbon on NVP particles were enough supported from Raman spectroscopies (Fig. S4) .
We checked the chargedischarge performances of NVP/C to clarify the effect of the surface carbon coating of NVP materials on the electrochemical capabilities of the samples. Figure 3(a) shows the chargedischarge profiles obtained for 700-NVP/C (five-cycle intervals) at varying C rates (from 0.5 to 5 C). The rate performances, involving data for other samples (Fig. S6) , are summarized in Fig. 3(b) . The discharge capacities at a voltage lower than 2.5 V for 600-, 700-, 800-and 900-NVP/C were 91, 121, 121 and 116 mAh g ¹1 , respectively. Taking the theoretical capacity of 118 mAh g ¹1 into account, 5)7) the discharge capacities obtained for all samples were acceptable and corresponded to the extraction of two sodium ions per formula in the range of 2.53.7 V. 5)7) The discharge capacities of the samples prepared herein were found to be larger as compared to similar NVP/C materials synthesized via solid phase reaction by other groups (e.g., 100 and 114 mAh g ¹1 ).
9),17) Therefore, the solid phase reaction technique developed herein can be considered to be simple and useful to obtain NVP samples exhibiting desirable electrochemical performances. 700-and 800-NVP/C exhibited the highest discharge capacity among the samples studied, whereas 600-NVP/C showed the poorest results. Moreover, the charge discharge capacities at 5 C could not be measured for the 600-NVP/C and 900-NVP/C samples. Such poor performance observed for 600-NVP/C is thought to originate from the purity of the NVP active material. In contrast, 700-NVP/C showed the best chargedischarge performance for all the cycles and C rates studied, and this could be caused by the lower amount of the impurity phase and the uniform surface carbon coating of this sample as compared to 600-NVP/C. The discharge capacities of 800-NVP/C were high enough at both 0.5 and 1 C and decreased for higher current densities. 900-NVP/C showed relatively high discharge capacities that significantly decreased at high current densities. The relatively poor performances observed for 800-and 900-NVP/C likely originate from the partial and nonuniform carbon coating observed for these samples. 800-NVP/C showed superior discharge capacities at low current densities and gradual deterioration in battery performance at high current densities as compared to 900-NVP/C. 800-NVP/C maintained good discharge properties to some degree as compared to 900-NVP/C because the deposited carbon layers on 800-NVP/C particles can maintain relatively better conductive conditions. On the other hand, 900-NVP/C showed relatively favorable discharge capacities at 0.5 C, although abrupt deterioration was observed at high current densities. These results are consistent with sodium-ion diffusion at the phase boundaries between particle surfaces being prevented as a result of lower electronic conductivity by insufficient carbon coating.
Recently, our group and other group have reported promising battery performances of carbon-coated LiFePO 4 (LFP) active materials synthesized with polystyrene as the carbon source. 18 ), 19) In addition to LFP, the effectiveness of the present synthesis technique was confirmed for NVP. Thus, this polystyrene-derived carbon coating method developed here represents a promising technique to improve the electrochemical properties of NVP and/or to design new active materials. 
